A quantitative study has been conducted to evaluate the relationship between microstructural features such as secondary DAS (dendrite arm spacing), eutectic structures and the mechanical behaviors of A319 casting alloys. Depending on the cooling rate affecting the primary and eutectic microstructure, the storage elastic modulus measured by DMA (dynamic mechanical analysis) increased with decreasing DAS, with a concomitant increase in the tensile strength and elongation at RT and also high tempertures. Contrarily, the thermal expansion coef cient increased with increasing temperature, but did not vary with microstructural changes. The hardness of the eutectic phase increased with increasing DAS due to the enlarged size of the eutectic particles, whereas the hardness of the primary phase was similar regardless of DAS, owing to the precipitates that formed during heat treatment. The increase of both of LCF (low cycle fatigue) and HCF (high cycle fatigue) lives with decreasing DAS was observed, mainly due to homogeneous deformation owing to the ne size of eutectic silicon and Fe intermetallic particles. The results of fractography observation showed that ner α-Al and eutectic phases were effective to the resistance of fatigue crack initiation and propagation due to the shorter crack path along the secondary particles. The LCF lives increased with increasing test temperature according to the Cof n-Manson relation due to the larger elongation. On the other hand, an analysis of the fatigue lives with the hysteresis loop energy, which consists of both strength and elongation, showed that the fatigue lives were normalized with an alloy of the same strengthening mechanisms regardless of the test temperature. DMA analysis demonstrated that the mechanical properties of the Al 2 Cu precipitate hardened alloy were maintained at temperatures greater than 250 C, whereas degradation in the mechanical properties of the Mg-containing alloy occurred at 170 C due to coarsening in the precipitation phase of Mg 2 Si.
Introduction
Recent legislative and environmental demands toward the automotive industry have prompted automobile companies to produce lighter-weight fuel-ef cient vehicles with less detrimental emissions. The most effective way of producing a light-weight car is to employ light-weight materials, such as aluminum alloys. A319 casting alloys are light metals which are widely used in automotive components, owing to their excellent mechanical properties and castability [1] [2] [3] [4] . In recent years, diesel engines have become prevalent due to their low total emissions; the combustion pressures of diesel engines have increased to 20 MPa. Because many components used in automotive engines are subject to complex loading cycles at high temperatures [5] [6] [7] [8] , it is important to understand the loading mechanisms and damage accumulation, as well as increase the duration of material lives under a range of conditions. In addition, the microstructural parameters, i.e. the DAS (dendrite arm spacing), porosity, morphology of silicon and second phase particles, are important parameters to consider as high temperature fatigue and tensile properties. The effect of solidi cation time and heat treatment on the tensile properties of aluminum alloys has been studied and documented. Several studies 1, 9, 10) in A319 aluminum alloys found that fatigue cracks initiated from casting pores that were almost always located either close to or at the specimen surface. However, the effect of solidi cation time on the high temperature fatigue properties of A319-type alloys is less well documented. This study examined the mechanical properties of aluminum casting alloys prepared using a permanent-mold cast and evaluated the effects of microstructural variables such as DAS on high temperature mechanical behavior. A series of fatigue tests were conducted to evaluate the high temperature LCF (low cycle fatigue) and HCF (high cycle fatigue) lives of A319-T7 cast alloys, in which the cooling rate of molten metal were varied. Experimental results indicated that the durability of automotive engine parts can be increased by reinforcing the microstructure with minor changes to the process and alloying elements.
Experimental
Three types of A319 alloys with microstructural variations for cylinder head were cast using the permanent-mold gravity method. Table 1 lists the chemical composition and heat treatment processes of the alloy, which were based on the mass production conditions of the cylinder heads in the HMC (Hyundai Motor Company) of Korea. The composition was similar to AC2B, except it contained a lower Fe content. A T7 heat treatment was used for the alloy due to the stability of the nal product measurements. The microstructure and particles were examined by OM (optical microscopy, Nikon MA100) and SEM (scanning electron microscopy, JEOL JSM-7400F). Heat treatment Solution treatment : 500 C / 6.5 h → water quenching Aging : 250 C / 4.5 h → air cooling XRD (X-ray diffraction, PANalytical B.V.) was then performed to characterize the intermetallic phases present in the matrix. The high temperature physical and mechanical properties were determined by measurement of the thermal expansion coef cient (Netzsch DIL 402PC), DMA (dynamic mechanical analysis, TA instruments Q800) and micro-hardness (Shimadzu DUH-W201S) as a function of temperature. Cylindrical type specimens for the tensile and fatigue tests were machined and polished longitudinally up to 2400 grit crocus cloth to remove the effects of machining notching. The tensile tests were carried out at a range of temperatures using an Instron machine. Strain-controlled uniaxial LCF tests were carried out according to ASTM E606 standards at a strain rate of 1 × 10 −3 s −1 at RT, 200 C and 250 C using a dynamic Instron model 8861 machine. HCF tests were carried out at RT, 150 C and 200 C on a fully computerized servo-hydraulic MTS 810 fatigue testing system. The tests were conducted under load control according to ASTM E466 standards. To avoid possible buckling, all samples were subjected to zero-tension fatigue cycles only, using a load ratio (σ min /σ max ) of R = 0. A sinusoidal waveform with a frequency of 40 Hz was used in all tests. The fatigue limit (maximum stress range or peak stress) was de ned as the stress level below which no fatigue failure would occur at 10 7 cycles. All test results were recorded using a computer data acquisition system and analyzed under the conditions at which tests were completed to achieve stable stress and strain. The fracture surfaces were examined using the SEM to identify the sites of fatigue crack initiation and the mechanisms of fatigue crack propagation. Figure 1 presents the thermal analysis results of A319 casts at different cooling rates using the LabVIEW data acquisition system. Figure 1(a) shows the fastest cooling rate conditions of the molten Al alloy with a mold thickness of 25 mm mold and a pre-heating temperature of 100 C in the SKD61 (H-13) steel mold. The cooling rate was 4.78 C/s in the solidi cation range, within which the DAS was determined. Under the pouring conditions of 5 mm mold thickness and 200 C pre-heating temperature, the measured cooling rate was 1.50 C/s, as shown in Fig. 1(b) . The slowest solidi cation rate was 0.18 C/s with a 5 mm mold thickness and 400 C pre-heating temperature, as shown in Fig. 1(c) . Figure 2 shows OM images of the A319 cast matrix after T7 heat treatments at different cooling rates. The basic microstructure of the alloys consisted of primary α-Al dendrites with eutectic Si and intermetallic particles distributed between the α-Al dendrites to form a periodic cell pattern repeated across the metallographic surface. The DAS for a given alloy composition decrease with increasing solidi cation rates [11] [12] [13] . In this study, the lowest DAS value for gravity die casting was 22 μm in an Al-6.0mass% Si-2.8mass% Cu alloy, as shown in Fig. 2(a) . Under moderate solidi cation rate conditions, the average DAS achieved was approximately 51 μm, as shown in Fig. 2(b) . At the slowest solidi cation rate, the mean DAS was approximately 70 μm, as shown in Fig. 2(c) . Generally, the lowest DAS value for gravity casting is approximately 25 μm in Al-7mass% Si-0.3mass% Mg alloy 6) . Alternatively, with the addition of Cu, the lowest mean DAS decreased to 22 μm. This was attributed to the undercooling effect [11] [12] [13] achieved by increasing Cu content. The addition of Cu resulted in ner α-Al formation, which helped restrict the growth of primary Si and intermetallic phases 14, 15) . Therefore, a ner DAS was achieved. In addition, a needle-like Si morphology was observed in all unmodi ed alloys, as shown in Fig. 2 . Figure 3 shows SEM images of the precipitates and XRD patterns of the alloys. As shown in Fig. 3 and (c). Figure 4 shows the high temperature physical properties of A319 casting alloy with changes in microstructure. In particular, Figs. 4(a) and (b) present the thermal expansion coefcient and storage elastic modulus using DMA, respectively. The thermal expansion coef cient increased with increasing temperature to 250 C, became saturated up to 350 C, and then decreased with further increases in temperature. This can be explained by the softening of the solid with increasing temperature, at which the general properties of the solid cannot be maintained 16, 17) . Therefore, the reliability of the thermal expansion coef cient over 350 C is limited due to the collapse of the solid. The thermal expansion coef cient values were similar at 100-300 C regardless of variations in microstructure, as shown in Fig. 4(a) . In particular, the addition of Cu reduced the thermal expansion coef cient signi cantly at identical temperatures, and a stable state was obtained up to 350 C for A319, whereas for A356 alloys stability was achieved at 250 C 17) . Alternatively, the elastic modulus decreased almost linearly with increasing temperature, and the elastic modulus decreased by as much as 7 GPa with increasing DAS to 70 μm. Fe and Cu, which have relatively high temperature stabilities compared to Mg, restrict thermal expansion and increase the stiffness. Cu increases the age hardening precipitation of Al 2 Cu as well as that of Mg 2 Si for Mg, and Fe is an element in the intermetallic particle formation of Al 5 FeSi 18, 19) . Therefore, the coarse and non-uniformly distributed particles with larger DAS result in a decrease in the elastic modulus at a given temperature. Figure 5 shows the high temperature hardness of the three alloy sets using a micro-indenter. First, the macro-hardness (Brinell hardness), which includes both the primary phase and eutectic phase hardnesses, was measured at room temperature, as indicated in Fig. 5 . The initial hardness of the primary phase was lower than that of the macro-hardness, whereas the hardness of the eutectic phases was higher than that of the macro-hardness due to eutectic Si and intermetallic particles. The hardness of the eutectic phase increased with increasing DAS due to the enlarged size of the eutectic particles, whereas the hardness of the primary phase was similar regardless of the DAS, due to the precipitates that formed during heat treatment. As the temperature was increased, the hardness decreased and was maintained at temperatures greater than 200 C. Alternatively, without the addition of Cu, such as in sample A356, it was reported that the hardness decreased signi cantly and rapidly at temperatures greater than 150 C 17) . The decrease in hardness was attributed to the stability of the precipitate with chemical compounds. Exposure to temperatures over 150 C for an extended period results in severe coarsening of the precipitates, particularly for the Mg-hardened alloys, which has deleterious effects on the strength. Alternatively, the stability of Al 2 Cu is believed to be retained over 250 C because the aging treatment was already performed at 250 C after a solution treatment, as shown in Table 1. Figure 6 shows the DMA results as a function of temperature. DMA provides the general DTUL (de ection temperature under load), which is a standard method for evaluation of the softening temperature of materials 20) , and also provides information about the dynamic mechanical structure that is unattainable by DTUL 21) . DMA discerns the elastic and viscous components of deformation and provides a very sensitive pro le of the viscoelastic properties, including storage modulus, loss modulus and tan δ as they change with temperature, where tan δ is the ratio of the loss modulus to the storage modulus. Tan δ represents the damping ability of the material caused by change in the microstructure and precipitates 21) . For sample A319, as shown in Fig. 6(a) , the tan δ value changed suddenly at 251 C, suggesting that the coars- ening of the Al 2 Cu particles affects the stiffness of the matrix, which is coincident with the arti cial aging that is generally conducted at 250 C for Cu-hardened aluminum alloys, as shown in Table 1 . In addition, the tan δ value changed at 349 C, which is coincident with the results showing that the reliability of the thermal expansion coef cient is limited over 350 C due to the collapse of the solid. On the other hand, for the A356 alloy 17) , as shown in Fig. 6(b) , a change in tan δ was observed near 168 C, which represents the precipitation and growth temperature of Mg 2 Si, which coincides with the articial aging of the Mg-hardened aluminum alloys generally conducted at 160-180 C. This is in accordance with the results shown in Figs. 4 and 5 in that the addition of Cu contributes to the high temperature stability. Therefore, an increase in the Cu content and solidi cation rate is effective because the key requirement of a cylinder head is to maintain high temperature strength and low thermal expansion characteristics, which reduce the level of thermal fatigue damage.
Results and Discussion

Microstructure
Physical properties
Mechanical properties 3.3.1 Hardness
Tensile property
Tensile tests were conducted to measure the mechanical properties of A319 with different microstructures and testing temperatures; results are presented in Fig. 7 . The yield strength and ultimate tensile strength of the alloy with DAS 22 μm were 234 MPa and 323 MPa, respectively, at room temperature, and 167 MPa and 186 MPa at 250 C. In addition, the elongation was 3.42% at room temperature and 9.83% at 250 C. Both the yield and tensile strength decreased signi cantly with increasing DAS at room temperature, with a concomitant decrease in elongation. As the test temperature increased, the tensile properties showed a different tendency to that observed at room temperature, resulting in a small difference in strength with DAS, particularly at 250 C. Alternatively, the difference in elongation increased with DAS, as shown in Fig. 7(b) . This con rms the previous physical and mechanical properties because the coarsening of the precipitation phase of Al 2 Cu affects the strength of the matrix.
LCF property
LCF tests of the three alloys were conducted to evaluate the high temperature deformation resistance, which is the key factor of the automotive cylinder head. Figure 8 shows the change in the peak stress according to the cyclic deformation at a total strain range of ±0.3%. The change in the tensile and compressive peak stress was measured during cycling. In the case of alloy with DAS 51 μm, the cyclic softening behavior was not observed at RT and 200 C, where the tension and compression peak stress were maintained by repeated deformation. On the other hand, the cyclic softening behavior occurred at 250 C, where the peak stress decreased slightly at the initial cycling, and decreased gradually with the progress of cyclic deformation. These results were in line with the pre- vious hardness and DMA properties, where the strength was maintained over 200 C for the Cu-hardened alloys because of the stability of the Al 2 Cu particle, whereas the obvious cyclic softening behavior was observed at temperatures near 200 C for the Mg-hardened alloys 17) . Figure 9 shows the LCF results of the three alloys over multiple temperature and strain ranges. As shown in Fig. 9 , the LCF lives increased with decreasing DAS at room and high temperatures. It is well known that the HCF life is governed by the strength of surface due to its small elastic deformation and the LCF which induces large plastic deformation is closely related to the ductility of material. It is thought that the reason of this phenomenon is due to an increment of ductility at the surface owing to the retardation of fatigue crack initiation. The fatigue life was evaluated as a function of the plastic strain range using the Cof n-Manson relation, which revealed a higher temperature, larger elongation and longer fatigue life, as shown in Fig. 10 . If the fatigue life only is evaluated as the plastic strain range, the fatigue life might be distorted as a result of considering the increase in elongation due to an increase in temperature neglecting the strength of the material 17) . Therefore, when the fatigue life was evaluated as the hysteresis loop energy (ΔW), which considers the strength and plastic strain of the materials under the given conditions, a similar low cycle fatigue life was observed without an increase in fatigue life due to the increase in temperature, as shown in Fig. 10 . As a result, the hysteresis loop energy can be used for the high temperature LCF prediction that can normalize all of the Cof n-Manson relations regardless of the test temperature.
HCF property
HCF tests results are shown in Fig. 11 where the number of cycles to failure is plotted versus the peak stress (R = 0). HCF results of the three type of alloy specimens with DAS showed increased fatigue lives in the alloy with ner DAS. This results agree with other report 13) that for A356 alloys with DAS values less than 60 μm, fatigue life decreases with increasing DAS values, whereas for DAS values larger than 60 μm, increasing DAS does not further decrease fatigue life as reported in the literature. However, in this study the fatigue lives of A319 alloys decreased gradually with increasing DAS even for DAS values larger than 60 μm. Moreover, the alloy with DAS 70 μm resulted in decreased fatigue limit from 150 MPa to 70 MPa at RT as shown in Fig. 11-(a) . Also, the HCF properties at high temperatures showed the same tendency compared with room temperature resulting in decreased fatigue limit with increasing DAS as shown in Fig. 11(b) and (c). The higher fatigue life of the ne DAS alloy is mainly because of the smaller DAS in the microstructure, due to homogeneous deformation owing to the ne size of eutectic silicon and Fe intermetallic particles. The in uence of DAS on fatigue behavior can be understood in terms of dispersion hardening 13) . When alloys are subjected to either tensile or compressive cyclic loading, dislocations will interact with eutectic particles and dendritic cell/grain boundaries as deformation proceeds, leading to dispersion hardening in the material. There- fore, in ne microstructures with smaller DAS, the shorter dislocation slip distance which could be explained by HallPetch relation of Orowan strengthening 22) results in improvement of mechanical properties due to uniform deformation. SEM micrographs in Fig. 12(a) show the pores at the origins of the HCF cracks at 200 C. In most cases, the fatigue cracks were initiated from porosity and oxide lms located close to or at the specimen surface. Also, multiple fatigue crack origins were also observed, particularly in the samples with larger eutectic phases. In the fatigue crack propagation regions, river-like ridges and striations were observed in the samples with 22 μm DAS indicating ductile fracture of the materials, Fig. 12(b) . With increasing DAS, faceted slip features and eutectic debonding from the matrix were observed associated with the size of eutectic particle and porosity. In addition to the main fatigue crack, secondary cracks in the eutectic regions were increased with increasing the size of eutectic particle according to the larger DAS as shown in Fig. 12(c) .
It has been demonstrated 23) that in the absence of large defects, such as pores, the eutectic Si-particles play an important role in the introduction of a small fatigue crack. Mi- cro-cracks can possibly be initiated by debonding of Si-particles. This will accelerate the local plastic strain accumulation within the micro-cell and eventually lead to the formation of a dominant small crack by linking these micro-cracks, which then develop through the matrix by a slip band mechanism. This process may account for a considerable fraction of the total fatigue life. From these results, the optimal alloying composition and microstructure control are essential to the manufacturing of permanent-mold aluminum cast parts, and it is possible to improve the durability of automotive parts by reinforcing the microstructure with minor changes to the process and alloying elements.
Conclusions
(1) With decreasing secondary dendrite arm spacing, the elastic modulus increased with a concomitant increase in the tensile strength and elongation. Alternatively, the thermal expansion coef cient and hardness of the primary phases did not vary with DAS, whereas the hardness of the eutectic phase increased with increasing DAS due to the enlarged size of the eutectic particles. (2) The high temperature LCF lives increased with decreas- ing DAS over multiple temperature. The LCF lives expressed as the hysteresis loop energy, which is the amount of energy consumed over a cycle, provide a reasonable fatigue life evaluation showing a normalized relation regardless of the test temperature. (3) HCF properties of the ne DAS alloy exhibited much higher fatigue life and fatigue limit due to the smaller eutectic particles resulting in shorter crack path along the eutectic interface.
